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Abstract
Laboratory-based functional response experiments, in which foraging rates are measured across a range of resource densities, are
central for determining trophic interaction strength. Historically these experiments often are performed in arbitrarily sized arenas,
with larger sized organisms generally used in larger arenas. However, arena size influences foraging rates and therefore also estimates
of the functional response parameters, particularly space clearance rate (attack rate). We hypothesized that nonrandom movement
within arenas by predators and prey may explain this effect. To test this hypothesis, we video-recorded Schizocosa ocreata wolf spiders
(predators) and flightless Drosophila melanogaster prey in circular arenas of 3 different sizes to reveal thigmotactic behavior. We then
estimated foraging rates and space clearance rates from feeding trials performed at a single, low prey density in 3 differently-size
arenas in either annular (ring-shaped) or circular arenas. Annular arenas mitigated the effects of predator and prey aggregation and
thus controlled the experienced prey density near arena edges. Unlike the circular arenas, annular arenas produced similar foraging
rates and space clearance rate estimates across arena sizes, confirming that it is the increased density of prey along edges that generates
the previously observed arena size effect. Our results provide a key insight into how animal behavior and experimental design must
be considered for the accurate interpretation of foraging rates, both when considering standalone functional responses and when
making comparisons across experiments.
Keywords: Arena size, Density, Drosophila melanogaster, Functional response, Schizocosa ocreata, Space clearance rate, Thigmotaxis,
Tracking

Introduction
Understanding consumer-resource interactions is essential to many basic and applied questions in ecology (Novak and Wootton 2010; Rall et al. 2012; Alexander et al. 2014;
Uiterwaal and DeLong 2018). There is a long history of quantifying predator–prey interactions using functional response
experiments, which relate the foraging rate of consumers to
prey density. Since their development almost 60 years ago
(Holling 1959), functional responses have grown to now represent a central tool for ecologists, with results from these
studies having fundamentally influenced diverse issues in
ecology, from trophic interaction strength (Vucic-Pestic et al.
2010) to invasive species management (Dick et al. 2017;
Laverty et al. 2017), and even the evaluation of biocontrol
agents (Kalinkat and Rall 2015; Uiterwaal and DeLong 2018).
Therefore, a fuller understanding of the factors that influence
functional responses has broad implications for ecology (Li et
al. 2018).
A key difference between functional response experiments and the field conditions to which experimental results
are often extrapolated is that in functional response experiments predator and prey are bounded within an experimental

arena, which is generally not the case in nature. Understanding the ways that experimental arena design, including size
and shape, influence our estimation of foraging rates is therefore critical to obtaining accurate estimates of field foraging
rates, which are essential for a fuller and more accurate understanding of ecological systems. Recent work has revealed
that the outcome of functional responses depends on arena
size, with space clearance rate (also known as attack rate) increasing with the total size of the arena (Yaşar and Özger
2005; Uiterwaal et al. 2017). In fact, arena size may be even
more important in driving space clearance rate than other
well-established factors, such as environmental temperature
and body size (Uiterwaal and DeLong 2018). Given that functional responses are often performed in somewhat arbitrarily
sized arenas, failure to quantitatively account for arena size
means that measures of trophic interaction strength are confounded by laboratory techniques. Furthermore, this means
that arena size must be accounted for in order to compare
functional response parameters across experiments. To do
this, we must understand the mechanisms underlying the
arena size effect. Simulations suggest that foraging rates
change as arena size changes, but it is not clear how this
change affects space clearance rate (Li et al. 2017).
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A common form of the functional response—known as
Type II—is the Holling disc equation:
𝑓 =

𝑎𝑅
1 +𝑎ℎ𝑅

(1)

where f is the per capita foraging rate of the predator
(in units of

prey

), a is the space clearance rate (how

pred +time

quickly a predator removes prey from a given area)
(

space

), h is handling time (the time cost for each prey con-

pred ∗time

sumed) (

time

), and R is the initial resource density (

prey

prey
space

)

(Holling 1959). The use of resource space densities to predict
foraging rate using a functional response assumes that the
random movement of individuals minimizes any spatial heterogeneity in their distribution, which if present could alter
predator–prey encounters and thus the observed functional
response (Fryxell et al. 2007). In other words, in a randomly
distributed system, consumer-resource encounters should occur with equal probability at all locations throughout the
arena (Holling 1959). In fact, it is not just the Type II Holling
disc equation (Equation 1) that makes this assumption. Many
functional response forms, including other types (e.g. I or III),
and the random predator equation (Royama 1971; Rogers
1972), are built around this tenet of random motion.
However, evidence from the literature suggests that
predators and prey may not distribute themselves randomly
in experimental arenas, and that the way predators and prey
use space is important in determining functional responses
(Kaiser 1983; McKenzie et al. 2012). For example, many organisms show a tendency to seek physical contact with objects
such as arena edges, a process known as positive thigmotaxis
(Fraenkel and Gunn 1961). In this sense, thigmotaxis serves as
a mechanism for prey animals to find shelter and avoid predation (Antonelli et al. 1999), which may explain why arena
complexity changes functional responses (Hoddle 2003;
Hauzy et al. 2010; Toscano and Griffen 2013). Predators also
can exploit thigmotactic behavior to their advantage: African
wild dogs use fence lines to herd prey and facilitate hunting
(Dyk and Slotow 2003). If thigmotaxis occurs in species used
in functional response experiments, then the violation of the
random distribution assumption in Equation 1 could explain
the surprising effect of arena size on space clearance rate (Uiterwaal et al. 2017; Uiterwaal and DeLong 2018).
In short, if positive thigmotaxis exists, the underutilization of space in the center of arenas could result in a discrepancy between calculated prey density (initial number of prey
provided divided by total arena area) and experienced prey
density (density experienced by the predator) because both
predator and prey are concentrated along the edges of arenas.
This thigmotaxis effect is shown in Figure 1. At the calculated
(true) prey density (A), a predator’s actual foraging rate (B) is
given by its functional response (solid black line). The space
clearance rate for this curve is shown as a tangent to the functional response as it approaches the origin (solid grey line).
However, thigmotactic behavior of prey and predators would
result in a higher experienced density (C), which produces a
higher foraging rate (D). This higher foraging rate is then

Figure 1
Thigmotaxis would result in increased estimates of space clearance
rate (grey lines), which determines the initial rise of the functional response (black lines). At the calculated density (A), a predator’s actual
foraging rate (B) is given by its functional response (solid black line)
and space clearance rate is relatively low (solid grey line). However,
thigmotactic behavior of prey and predators would result in a higher
experienced density (C) around the arena edges. This would result in
more encounters between predators and prey, producing a higher foraging rate (D). This is erroneously plotted (E) against a lower density
(A), leading to an increased estimate of space clearance rate (dashed
grey line) and altering the calculated functional response (dashed
black line). Note that, at higher prey densities, the effect of thigmotactic behavior on foraging rates would become vanishingly small as handling time, not space clearance, rate becomes the primary constraint.
This may explain why handling time is minimally affected by arena
size (cite). This figure also demonstrates how foraging rates at very
low prey densities can be used to estimate space clearance rate. Because the initial rise of the functional response is determined by space
clearance rate, we can use foraging rate over prey density to calculate
the initial slope as a proxy for space clearance rate.

Table 1
Arena sizes and shapes used in foraging trials
Arena size Arena shape Outer diameter (cm)
Small
Circular
9.0
Annular
9.0
Medium Circular
14.5
Annular
14.5
Large
Circular
25.0
Annular
25.0

Area (cm2)
63.62
54.00
165.13
101.51
490.87
207.35

erroneously paired (E) with the calculated density (A), leading to an increased estimate of space clearance rate (dashed
grey line) and altering the calculated functional response
(dashed black line). Thus, the key assumption of the random
distribution of resources in Equation 1 may be violated when
predator–prey interactions are contained within arenas.
The discrepancy between calculated and experienced
prey densities should increase with arena size because the
area of a circle increases faster than the perimeter as radius
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increases (Table 1). Thus, more prey aggregate along the perimeter in larger arenas, increasing the thigmotaxis effect and
resulting in the observed positive link between arena size and
space clearance rate. Here, we describe results of experiments
designed to explicitly test these ideas. First, we used automated tracking (Dell et al. 2014) of predators (the wolf spider
Schizocosa ocreata) and prey (the fruit fly Drosophila melanogaster) to determine if individuals distribute themselves randomly throughout circular experimental arenas of different
sizes (Hypothesis 1). We then tested how, if present, thigmotaxis influenced estimates of the functional response by performing foraging trials at a single, low prey density in annular
(i.e., ring-shaped) arenas and calculating foraging rates and
estimating space clearance rates in these arenas. Annular arenas prevented individuals from accessing the central area of
the arena and thus reduced the total amount of unused space
in our resource density calculations. We predicted that similar
numbers of prey would be consumed in circular and annular
arenas with the same outer diameter containing the same
number of prey, despite their very different actual prey densities (Hypothesis 2). We further predicted that the spiders’
space clearance rates in annular arenas would remain constant regardless of arena size, due to the dominant effect of
the total length of arena edges and not total area (Hypothesis
3). Lastly, we predicted that space clearance rates in circular
and annular arenas would be most similar at small diameters,
where the amount of underutilized space in the center of circular arenas—and therefore the difference between calculated
and experienced density—is minimized (Hypothesis 4). As
the outer diameter of the arena increases, so should the difference between space clearance rates in circular and annular
arenas.

downwards onto the experimental arena recorded movements. We recorded videos using StreamPix7 software (NorPix, Toronto, Canada) at 15 frames per second for 30 min (to
match the trial time of foraging experiments) and analyzed
each video using the automated tracking program Ctrax
(Branson et al. 2009), which provided an estimate of the location of the mid-point of each animal in each frame. From these
tracking data, we then used Matlab to determine in every
frame the shortest distance between each individual’s location and the arena edge and created frequency distributions
of distance to edge for each arena size.
Foraging trials
We conducted foraging trials in both circular and annular arenas. Annular arenas were identical to circular arenas,
except for a plastic circle placed in the center of the arena
within which organisms could not enter. The inner circle’s radius was always 2 cm smaller than the arena’s outer radius,
and so organisms were confined to a 2 cm wide ring along the
outer edges of each arena, irrespective of arena size.
In small, medium, and large circular arenas, we added
6, 17, and 49 flies, respectively, in addition to a single spider.
This yielded ~0.01 flies per cm2 in all circular arenas, regardless of size. We performed 2 types of trials in the annular arenas. In the first set of trials, we added a spider and the same
number of prey as in circular arenas: 6, 17, and 49 flies in
small, medium, and large arenas, respectively. This created a
situation equivalent to the circular arenas, except that both
predator and prey were restricted to a 2 cm wide band between the outer and inner circles (in essence, forcing thigmotactic behavior) (Hypothesis 2). In the second set of foraging
trials in annular arenas, we used the same prey density as in
the circular arenas, 0.01 flies per cm2 (Hypotheses 3 and 4). To
these arenas, we added 5, 10, and 21 flies for small, medium,
and large annular arenas respectively. These trials simulated
a situation where prey were distributed randomly in space as
predicted by traditional assumptions of functional responses;
this arena shape allowed for the random distribution of animals despite thigmotactic behavior because they could never
be far from an edge. We performed a total of 54 trials comprising 3 arena sizes, 3 trial types (1 in circular arenas and 2
in annular arenas), and 6 replicates per treatment.
𝑓
𝑎
Note that, from Equation 1, =
, as prey density

Methods
We used the wolf spider S. ocreata as our model predator, collecting them at night from grasslands at the University
of Nebraska’s Cedar Point Biological Station (Ogallala, Nebraska). Spiders used in our trials had a mean mass of 37 mg
(range: 21–57 mg). Wingless D. melanogaster obtained from a
commercial supplier served as prey. We conducted all experiments in the evening in June 2017 under dim lighting and at
temperatures of approximately 22 °C. We used round plastic
arenas of 3 sizes: small (9 cm outer diameter), medium (14.5
cm), and large (25 cm) (Table 1). We treated arena walls with
Fluon, which made the walls too slick for spiders and flies to
climb on. This prevented escape and constrained movement
to 2 dimensions.

𝑓

𝑅

1 +𝑎ℎ𝑅

(R) approaches zero, approaches space clearance rate, illus𝑅
trating how space clearance rate determines the initial slope of
the functional response. Thus, by using a low prey density, we
𝑓

were able to use foraging rate divided by prey density ( ) as a
𝑅
proxy for space clearance rate. This simplification is valid with
2 caveats. Firstly, prey density must be sufficiently small. The
prey density used here (0.01 flies per cm2) is sufficiently low to
lie along the initial steep slope (Figure 1) of a typical Lycosidae
functional responses (Hardman and Turnbull 1974; Monzó et
al. 2009; Vucic-Pestic et al. 2010; Rall et al. 2011). Secondly, space
clearance rate estimates obtained using this proxy can only be
compared if the foraging rates are measured at the same density. In the first set of trials in annular arenas, prey density was
not consistent between circular and annular arenas. Thus, we
were only able to compare foraging rates (Hypothesis 2), not
space clearance rate differences. However, the second set of trials in annular arenas (where starting density was always 0.01
flies per cm2) allowed us to test for an effect of arena size on
space clearance rate in annular arenas (Hypothesis 3). Additionally, because the calculated prey density in these annular

Video tracking of movement
To test Hypothesis 1, we conducted trials in 3 sizes of
circular arenas to determine how arena size affected the
movement and distribution of organisms. Predator trials contained a single spider per arena, regardless of arena size. Prey
trials used either 6, 17, or 49 flies in small, medium, or large
arenas, respectively, to provide a standardized density of
~0.01 flies per cm2. We used 6 replicate trials for all 6 treatments, except the trial comprising 6 prey in the small arena,
which only had 5 replicates, for a total of 35 trials. We placed
arenas on 45.7 × 45.7 cm backlit surfaces that emitted even and
diffuse IR light at 850 nm wavelength (Smartvision Lights,
Muskegon, Michigan, USA). A single infrared-sensitive video
camera (Basler acA 1300 – 60gmNIR, Basler AG, Ahrensburg,
Germany) positioned ~75 cm above each arena facing
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arenas was the same as in the circular arenas, these trials allowed us to compare space clearance rates in circular and annular arenas (Hypothesis 4). Although we could have simply
used foraging rate as a proxy for space clearance rate in these
cases, we wanted to highlight the differences between the first
set of trials in annular arenas (where prey number is the same
in circular arenas and only foraging rates can be compared) and
the second set of trials in annular arenas (where prey density is
the same as in circular arenas and we can compare space clearance rates).
Before the foraging trials commenced, we fed spiders to
satiation then starved them for 48 h to standardize hunger
levels. We initiated trials by placing flies haphazardly
throughout the arena where they acclimated and moved
freely for 10 min. Then, we placed a single spider in each
arena and allowed it to forage undisturbed for 30 min. We
chose this (relatively short) trial time for 2 reasons. Firstly, we
wanted to minimize chances of complete prey depletion,
which could potentially result in underestimates of space
clearance rate. Alternatively, we could have replaced prey as
they were consumed during the experiment, but this would
have disturbed the animals and interrupted their natural
movement patterns. Secondly, we chose a 30-min trial time
because wolf spiders catch many prey items in quick succession and gather them into a “meatball” which is masticated
and externally digested (Kiritani et al. 1972; Nyffeler and Benz
1988). Our observations indicated that once spiders had developed a satisfactorily large meatball, their foraging behavior changed and they were less likely to attack prey. A short
trial time decreased the chances of spiders collecting sufficient prey to become “satiated.” From the initial video trials
to characterize movement and distribution of organisms (see
above), we observed that fly mortality due to causes other
than predation was absent, and so the number of live flies remaining at the end of each trial was a good indicator of predator consumption rate. We performed analysis of covariances
(ANCOVAs) on both feeding rate and space clearance rate using arena size and shape as predictor variables.

positive thigmotactic response, with both species spending a
disproportionate amount of time closer to the arena edge than
the center. The magnitude of this effect was largely independent of arena size (Figures 2 and 3) (Hypothesis 1). Both spiders
and flies spent most of their time within 2 cm of the arena
edges (Figure 3).
As predicted, when the same number of prey was given
in annular and circular arenas of the same size, spider foraging rates did not differ between arena shapes (t = 0.85, P =
0.400) (Figure 4a, Hypothesis 2), even though total available
area (and thus calculated densities) in annular arenas was
much less than in equivalently sized circular arenas (Table 1).
In contrast, the effect of arena size on space clearance rates
depended on arena shape (size × shape interaction: t = 2.54, P
= 0.016). Estimated space clearance rates increased with arena
size for circular arenas (t = 4.70, P < 0.001), but not for annular
arenas (t = 1.11, P = 0.276).
Discussion
Results from our initial distribution experiments clearly
revealed that both spiders and flies did not distribute themselves randomly across circular arenas, thus violating a basic
assumption of functional response models (Holling 1959). Individuals of both species exhibited a strong positive thigmotactic response and spent the vast majority of their time close
to the arena edges (Figures 2 and 3) (Hypothesis 1). Flies
tended to be closer to the edge of the arena than spiders (Figure 2), with the proportion of time spent at a given location
for both species decreasing farther from the edge. This behavior did not vary with arena size, suggesting that distance from
the edge, and not distance to center, was the factor guiding
space use (i.e., positive thigmotaxis).
We speculate that differences between spiders and flies
in how close they tend to be to arena edges is determined by
some combination of body size and detection distance, with
larger species (i.e., spiders) able to maintain a further distance
from the edge and still detect it. This size-dependent detection
distance may result from either visual or physical sensing of
the arena edge. Larger organisms often have better visual acuity (McGill and Mittelbach 2006), allowing spiders to be farther from the edge than the flies and still see the edge. In terms
of physical detection, spiders (which have a larger body size

Results
Our first set of trials to determine how spiders and flies
distribute themselves in circular arenas revealed a strong

Figure 2
Frequency distributions of the locations of prey (Drosophila melanogaster) (a) and predators (Schizocosa ocreata) (b) in small, medium, and large circular
arenas.
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and prey preferred the edges even when they had access to
the center, experienced prey density in the circular arenas was
effectively similar to calculated prey density in annual arenas.
Although calculated densities were very different in circular
and annular arenas, foraging rates were largely identical because experienced densities were largely identical. This suggests that, for functional response experiments conducted in
larger arenas, observed foraging rates may be matched with
erroneously low calculated densities, inflating space clearance rate estimates (Figure 1).
As predicted, space clearance rate increased with arena
size in the circular arenas. In annular arenas, however, space
clearance rate was not significantly different across arena
sizes (Figure 4b) (Hypothesis 3). This clearly shows that accounting for underused space with annular arenas can mitigate the effect of arena size on space clearance rates.
Lastly, our results confirmed our prediction that the
difference between space clearance rates in circular and annular arenas would be lowest in the smallest arenas and increase
as arena size increases (Hypothesis 4). Because space clearance rate increased with arena size in circular arenas but was
largely unaffected by arena size in annular arenas, the space
clearance rate disparity increased with arena size (Figure 4b).
This suggests that space clearance rates obtained from functional responses conducted in small arenas are most accurate.
However, at some very small diameter the amount of space
outside of the predator’s immediate detection distance presumably is minimized to the point where searching is no
longer necessary and predators no longer display normal foraging behavior.
Our results show that thigmotactic behavior in foraging
arenas results in an increased experienced prey density even
when calculated density remains constant. Although the
amount of occupied space also increases with arena size, the
proportion of unused to used space increases with arena size
because a circle’s area grows faster than its perimeter. Thus,
by preferring the edges, both prey and predators approach a
1-dimensional orientation in which arena circumference is
more important than arena area. That is, the increased experienced density is a result of reduced dimensionality. Consequently, although we typically calculate density as prey per
area, it may be more appropriate to use prey per length (i.e.,
circumference in circular arenas). If both predators and prey
move predominantly along the outer edges of the arena, this
would give a more accurate representation of prey abundance. However, because the spiders and flies tested here
used a 2 cm band along the edge of the arena, animal movement was not entirely restricted to one dimension. The actual
prey density was somewhere between the calculated linear
density (number of prey divided by circumference) and the
calculated area density (number of prey divided by total
arena area).
To account for the effects of thigmotaxis, we suggest
that obtaining consistent estimates of space clearance rate requires accounting for arena size in 1 of 4 ways: 1) Using annular arenas to eliminate differences between experienced
and calculated prey density, 2) Ignoring any unused space in
circular arenas when calculating density, 3) Using small arenas to minimize unused space, or 4) Correcting the space
clearance rate estimates to a common standard arena size using statistical relationships between space clearance rate and
arena size (Uiterwaal and DeLong 2018).

Figure 3
Sample tracks of Drosophila melanogaster prey (a, b, and c) and an Schizocosa ocreata predator arena (d, e, and f) in small (a and d), medium (b
and e), and large (c and f) circular arenas. Outer grey circles represent
arena edges. Inner grey circles are drawn 2 cm from arena edges. Percentages indicate proportion of time spent within 2 cm of the arena
edges for all 6 replicates in each treatment.

and therefore longer limbs) may have seemed farther away
from the arena edge than flies even if both had limbs in physical contact with the edge, since Ctrax records to the position
of an organism’s center.
The decrease in frequency of occupancy beyond 2 centimeters from the wall was more abrupt for spiders than for
the flies, and within the 2 centimeters, the frequency distributions were not as smooth for spiders as they were for flies.
This is likely due to testing 6 spiders at each arena size, while
dozens (in the smaller arenas) and hundreds (in the larger arenas) of flies were tested. The central area, which normally
would be considered in density calculations, remained
largely empty of both predators and prey, although it became
progressively more utilized in smaller arenas.
We further predicted that the number of prey eaten in
circular and annular arenas of the same outer diameter would
be the same if the same number of prey were initially present,
despite their very different total areas available (Table 1) (Hypothesis 2). Our results supported this hypothesis (Figure 4a).
Visual observation of the foraging trials confirmed our results
from the video tracking experiment: spiders and flies remained near arena edges even when they had access to the
center. Thus, preventing access to the center with the internal
rings had minimal effect on the distribution and movement of
predators or prey, and therefore foraging rates, despite large
differences in the total area available. Because both spiders
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Figure 4
Mean (±SE) foraging rate (a, predators exposed to same prey number, Hypothesis 2) and space clearance rate (b, predators exposed to same prey density,
Hypotheses 3 and 4) of Schizocosa ocreata foraging on Drosophila melanogaster in circular and annular arenas of various sizes.

Alternatively, using linear density (i.e., prey per edge length)
to describe prey abundances may be appropriate in arenas
with radii much wider than the outer band of space used by
predators and prey.
Perhaps more important is the need to consider thigmotaxis in predator–prey interactions outside of laboratory conditions. In the field, foraging space is not limited to empty arenas and impassable walls; real foraging habitats are considerably more complex. Accordingly, many studies have looked
at the effects of habitat complexity (Hohberg and
Traunspurger 2005; Hauzy et al. 2010; Kalinkat et al. 2013;
Toscano and Griffen 2013; Barrios-O’Neill et al. 2016) and
edge structure (Kaiser 1983; Hoddle 2003) on functional responses. Such studies typically find that increased complexity
and structure reduces predator feeding rates. Although we
were unable to add habitat complexity to our trials without
compromising tracking ability, we predict that placing sheltering structures throughout the arena (perhaps in such a way
that animals can never be more than 2 cm from shelter) may
encourage random distribution and eliminate any effect of
arena size. However, Vucic-Pestic et al. (2010) found the opposite: prey distributed randomly in empty arenas but aggregated when structure was introduced.
Clearly, more work is required to elucidate how thigmotactic behavior interacts with habitat structure in arenas.
Nonetheless, we suggest that the addition of structure may
favor natural behaviors of both predators and prey, producing functional responses that can more accurately be extrapolated to the field. This is true regardless of whether structure
promotes random distribution or induces aggregation. We
further suggest that the same predator may have radically

different foraging rates depending on the habitat structure of
its immediate surroundings. Thus, spatial heterogeneity in
natural habitats may be more important in structuring food
webs than previously thought. Indeed, physical edges may
play a role in determining interaction strengths in food web
links wherever habitat structure occurs.
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